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HIGH-SPEED DRAG TESTS OF SEVERAL FUSELAGE SHAPES
IN OOMBINATION WITH A WING
By Eugene 0. Draley
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SUMMARY

Drag tests wore made in the 8-foot high-speed wind
tunnel of 23 conditions combining six streamline shapes
and three conventlonal cowling-fuselage dodiea. A4ll the
nodels were tested in combinationm with a wing in order to
include wing-fuselage interference effects, The data were
obtained at speeds up to 440 miles per hour, corresponding
to a Mach number of 0.60 and to a Reynolds numder, based
on a repregsentative fuselage length (60 in.), of 17,400,000,
Tests were made with both normal and fixed transition; the
fixed transltion i1s considered to represent the true drag
characteristlcs at full-~scale flight conditlons better than
normal translition,

The results from the tests of the combinations with
three streamline bodies gave effective fuselage-drag coef=
ficlentes from 0,046 to 0,057 at speeds from 260 to 440
miles per hour. The relative drag of two of these dodles,
d1ffering only in fineness ratio, was considerebly changed
by compressibllity effects at high speeds. Relatively
blunt noses on streamline bodles in conjunction with the
wing produced little or no changes in either the drag or
the compressidbllity effects. A cooling-alr intake opening
in the blunt nose caused about 7-percent increase in the
drag with no significant changes in the compressibility
effectess The best radiasl-engine cowling-fuselage combina-
tlons had, without cooling alr, drags 18 to 21 percent
greater than the corresponding streamline fuselages, do-
Ponding on the speed and the body.

The critical speeds of the combinations tested were,
in general, determined by the wing-fuselage juncture. Oal-
culations indicate that material gains 1n critical speed
would be obtained for the streamline bodies with a wing
having a2 lower peak local velocity than that of the test
wing.

INTRODUOTION

Though & considerable amount of aeredynamic data for
fuselage shapes 1s already available, most of thess data




are of limited value because of the low Reynolds numbders
and particularly of the low Mach numbers of the tests.
Present and prospective speeds of alrcraft demonstrate -the
need for data applicable at high speeds where compressiblle-
ity effects are tmportant.

Investigations of compressidility effects conducted
by the EACA have now been extended to include tests of
several atreamline forms and some modifications of these
forms to represent bodles with ‘engines installed.

S0 far as 18 known, these data are the first avallabdle
at such high Mach numbers; compressibllity effects up to
rather high though, in general, subcritical speeds are in-
cluded.

APPARATUS AND METHODS

The investigation was conducted in the 8-foot high-
speed wind tunnel, a single-return closed-throat type with
a clrcular cross section. The wing of the model completely
spanned the test section. A4irfoll transition data obtained
in this tunnel indicate that the degree of turbulence is
low, though greater than that of free air.

In order to include interference effects, the various
fuselage-=shape combinations were tested in a midwing posiw
tion on the model of a transport alrplano wing used for
the tests of reference 1. This wing has a rectangular
center section of NAOA 2215 airfoll profile; the chord of
the center sectlion is 20,25 inches and its span is 35.50
inchess Outboard of the center sectiom, the wing tapers
to an NACA 2212 airfoll profile at a station 50.58 inches
from the center line of the wing.

8ix streamline fuselages (fig. 1) were tested. These
models coneisted of three streamline bodles with four nose
variations, Body 1 with nose 1 is a slight modification
of the NACA streamline form 111 (reference 2), giving a
fineness ratio of 5.12. Xose 2 was made by foreshortening
the axial ordinates of nose 1; the fineness ratlo of this
nose with body 1 is thus 4,84, Body 2 was made from body
1 by cutting the center section down to a cylindrical
shape of a smaller diameter and fairing the ends of this
section, which with nose 1 has a fineness ratio of 6.06.
Body 2 with nose 2 (fig. 2) has a fineness ratio of 5.23.
Nose 2-A (fig. 3) was made by cutting an opening in nose 2



to simulate a cooling~air intake. Body 3 with nose 3 was
reproduced from scaled-down ordinates of body 1 with nose
le¢ The maximum diameter and the fineness ratio are the
same as for body 2 with nose 1l,.

The ordinates for three of the streamline shapes areo
€iven 1in tabdle I. The ordinates for the other shapes can
be obtalned by comdining the ordinates for a partioular
nose and for a particular bdody. The dimensions of the
nose opening are given in figure 1l.

The three radial-engine cowlings tested (fig. 1) have
the same shape and doesilgnation as in reference 3. Oowling
6 has a sharp leading-edge curvature and a large intake
opening, Oowling 7 has a shorter axial length, a smaller
intake opening, and a more generous curvature than cowling
6. Oowling O Zfic. 4), designed for high critiocal speed,
has the same axial length as cowling 5 but a smaller ine
take opening.

All cowlings were tested with baffles to provide a
auitable pressure drop for engine cooling. 4 short skirt
was used when the cowling exit was open; a long skirt,
with slot filled and faired with plasticine, wes used when
the cowling exlt was closed. The dimensions of the qgombi-
nations with cowlings are included in figure 1. A detailed
description of the cowlings, the skirts, and the baffles
is given in reference 3.

Groat care was taken in the conetruction and the finw

ishing of the models to insure surface smoothness and ac=
curacy of shape.




TABLE I. Ordinates for Three Fuselage Shapes

e

Body 1, noso 1 Body 2, nose 2 Body 3, nose 3
x h: | x R x R
(1n.) (JIn.) (1n.) (1!1.) <1n.) (1n.)

~0.11 0 - - -0.11 0
.79 l.28 3.29 0 .79 1.08
1.58 1.93 5.34 2.98 1.58 1.63
3.15 2.89 7.40 4,23 3.156 2.44
6.30 4.14 9,45 4,93 6.30 3.50
89,66 84,98 89.66 84,98 89,66 84,21
12.60 5.46 12,60 5.20 12.60 4,62
18,90 6,03 18,90 65.20 18,90 5.10
24.46 6.15 24,46 5.20 24.46 5.20
31.50 5.97 31.50 5,056 31,50 5.05
37.80 b.46 37.80 4,62 37.80 4,62
44,10 4,52 44,10 3.82 44,10 3.82
50.40 3.16 50,40 2,67 50,40 2.67
53455 2.42 53.56 2.05 63.55 2,056
656.70 1.63 56,70 1,38 66,70 1.38
59.85 .82 59,.85 .70 59,.85 «70
61.42 42 6l.42 ¢35 6l.42 « 35

63,00 0 63.00 0 63.00 0

BJuncture of body and nose.

cnly approximate.

the same place on the surface as for nose 2.

(See fig. 2,)

For each of the streamline fuselages,

Radial ordinates here are

tests were made
with normal transition and with transition fixed by means
of a thread of 0,0l-inch dismeter fastened around the nose
with shellac.
proximately the same place as it would occur under full=e
scale conditions?: 4 inches back of the nose tip with the
e @eption of nose 2-A, on which the thread was located at

Tranpgition was fixed at ap-~

For cowling




O, closed, on bhody 1, the thread was located 0.5 inch
back of the leading edge of the cowling. (See fig. 4.)
411 other cowling~fuselage combinations were tested only
with normal transition. -.-The drag of the threasd alone was
believed to be insignificant. The method and the signif-
icance of fixing transition are discussed in reference 1l,

The maln limitation of the 1ift and the speed range
of the tests was the strength of the models. The range
limits and test conditions of this investigationmx are given
in tables II and III.

TABLE Il. Limits of Speed Range and Lift Ooefficient

1
Approx-|Fuselage angle|dir speed,| Mach Reynolds numbder,
imate of attack, ap number, R, based on

Or, (deg) (;ph) ¥ fuselage length
Oe4 2 260 0.3b6 11,700,000

3 1l 380 5l 15,400,000

o2 0 440 «60 17,400,000

o1 -l 440 [ .60 17,400,000




TABLE III. Test. Condltions

Combination Cowling condition
Condition Pransition|00"l-
Body | Nose in€ | parrie | Exit

1 1 1l Normeal - - -

2 1l l Pixed - - -

3 1 2 Normal - - -

4 1 2 Fixed - - -

b 1l - Normal o Open Open

6 1l - do. o Closed do.

7 1 - do. c doe. closed

8 1 - Fixed c do. dO.

9 1l - Normal b Open Open
10 1l - do. 5 Closed Claosed
11 2 1l do. - - -

12 2 1 Fixed - - -

13 2 2 Normal - - -

14 2 2 Fixed - - -

15 2 - Normal c Open Open
16 2 - do. C Closed do.
17 2 - do. c do. Closed
18 2 - doe 4 Open Open
19 2 - do. 4 Olosed Closed
20 2 2-4 doe - - -

21 2 2-4A Fixed - - -

22 3 3 Normal - - -

23 3 3 Fixed - - -

The angle of attack ranged from =1° to 2° with a speed
range from 140 to about 440 miles per hour. The corre-
sponding Mach numbers were from 0.17 to 0.60, and the
Reynolds numbers, based on fuselage length, were fronm
6,500,000 to 17,400,000,

STMBOLS

The definitions of the symdbols used in this report
are presented in the following liset:
L reproesentative fuselage length

p mass density of the air
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v alr speed

Q dynamic pressure (% P ™

ap fﬁsel#;é ;;gle o; ;ttack -

A maximum cross-sectional area of the fuselage

Dy effective fuselage drag [(drag of wing and
fuselage together - (drag of the wing alone)]

dDr effective fuselage drag coefficlent (Dp/aqd)

OL 1ift coefficlent

¥

coeffliclent of viecoslity of air

Mach number (the ratio of air speed to the
speed of sound in alir)

M,, Mach number at which local speed of sound is
reached

R Reynolds number (p V L/u)
RESULTS AND DISCUSSION

Results for the streamline shagpes with fixed transil-
tion are presented in figures 5, 6, and 7 together with
some results for various radial-engine cowling-fuselage
comblnatlions., The more important data in the three fig-
ures are plotted against ap 1n figure 8. The results

for normal transition on streamline bodies are presented
in figures 9, 10, and 11l with results .for the radial-engine
cowling-fuselage combinations.

Table.IV includes the more important results of the
streamline fuselages with fixed transition and of the
cowling~fuselage combinations.



TABLE IV
ODI
Condition Combination
. M = 0,35 | M = 0,60
2 Body 1, nose 1 0,0471 0.0512
4 Body 1, nose 2 «0462 «0600
7 Cowling C closed, body 1 .0640 «05670
8 Oowling C closed, bdody 1l +05556 <0587
(fixed transition)

10 Oowling 5 closed, body 1 «2450 «2820
—-12 Body 2, nose 1 «0535 .0568
e 14 Body 2, nose 2 .0526 .0645

17 Cowling C closed, dbody 2 «0640 «0685

19 Cowling 7 closed, body 2 0640 &.1100

21 Body 2, nose 2-A «0559 .0592

23 Body 3, nose 3 .0617 .0512

87his value is approximate.

Comparisons throughout the report are, in gemeral,
made on the basis of the fixed-transition data. This pro=-
cedure is adopted because these data represent more near-
ly full-scale conditions by approximating full-scale
boundary-~layer conditions. 4An exception to this general
procedure occurs for the models with cowlings. For these
data normal transition is generally well forward, approxie-
mating full-scale conditions because the large adverse
pressure gradients occurring close to the nose tend to de-
termine the transition location. Any decigive movement of
transition on the radlal-engine cowllngs at Repynolds num~
bers higher than the ones obtained 1n these tests is un-
likely. As a verification of this procedure, cowling O
was tested with both normal and fixed transition. Because
of the nature of the pressure distridution for this cowl-



ing, the greatest transition movements would ooccur with
it. The difference between the normel and the fixed tran-
sltion data, however, was only 3 percent, which is well
within the acocuracy required for comparisons of the data.
PoT the other cowlings the difference would be much less.

§i§§§ﬂliﬂ£.ﬂhﬁn§1-— At low speeds (M = 0.356 or abdout
260 mph) the OD! of body 2, nose 1 was 14 percent great-
er than that of body 1, nose 1 (fig. 5). The actual drag
was 19 percent less. This result 1s partly accounted for

by the fact that the surface area of body 2, nose 1l is 12
percent less than that of body 1, nose 1., The higher ODI

for body 2, nose 1 1s due,to the smaller cross—-sectional
area, the area used in determining the ODr values. The

GDF of body 3, nose 3 was about 3.4 perocent less than

that of bdody 2, nose 1; body 3, nose 3 had about 3.7 per-
cent less surface area than body 2, nose 1, Thus, at the
lower speeds, body 1, nose ] had the lowest drag coeffi-
cient of the three shapes Just discussed; body 3, nose 3
and body 2, nose 1 had drag coefficlents 10 and 14 percent
greater, respectively.

At higher speeds (M = 0,60) there was little dif-
ference Ybetween body 1, nose 1 and body 3, nose 3, The
ODP of body 2, nose 1, however, was about 1l percent

greater than the corresponding values for elther of the
other two combinations.

In figures 6 and 7, comparisons of the slopes of the
estimated incompressidble-flow curves -and of the experi-
mental curves for body 1, nose 1 and body 3, nose 3, re=-
spectlvely, indicate the probable magnitude of the com=
pressibdllity effeots. The estimated turbulent -skin-
friction drag data with allowance for fineness=ratio dif-
f'erences for bdody 1, nose 1, and body 3, nose 3, (figs. 6
and 7) were taken from reference 2., It was assumed that
the drag data from this source were all due to turbulent
gkin frictlion for Roynolds numbers from 6,000,000 to
20,000,000 and, because of the low speeds at which the
data were obtalned, the compressibility effects can be
considered insignificant, Thue, the dilfference between
the slopes of this estimated curve and the slopes of the
fixed-~transition data presented in thie report indicates
the probable magnitude of the compressibility effects,
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Body 3, nose 3 had only a small increase in Opr due

to compressibilitys whereas, body 1, nose 1 had more seri-
ous effects, as might be expected on account of the differ-
ence of fineness ratios. The reasults of the teste of dody
2, nose 1 also showed compressibility effects similar to
those for body 1, nose 1, These changes of effective drag
coefficient with speed were undoubtedly compressibllity
effects and are illustrative of the errors involved in ap=
Plying data obtalned at relatively low speeds to high
speods where compressibility effects are important, 1In
the consideration of theése compressibility effects, 1t
should be apprecliated that they dre depvendent 1n large
measure on conditions.- at .the wing-fuselage Juncture. A4ctu-
ally, the eritical speed was determined dy the aerodynamlc
interference effects at the wing-fuselage Juncture in all
cases except for cowlings 5 and 7. These eoffects will
later be discussed in detall,

The two remaining variations in the streamline fuse-
lagos were made by the substitution of nose 2, a more
blunt nose, for nose 1 on bodies 1 and 2.

At values for M of 0.35 and 0,60, body 1 had a ODT

about 2.3 percent lower with nose 2 than it had with nose
1 (fig. 5)s The corresponding decrease in surface area
was 3,7 percent,

The similar compressidility effects noted for these
two body~nose combinations indicate no change in critical
speed, JFor the bodies alone this conclusion would proda-
bly be invalid. In this instance, however, it is likely
that the increase in the induced veloclty caused by the
curvature of the blunt nose exists over only the forward
vortion of the body and is of smaller magnitude than the
maximum induced velocity at the wing-~fuselage Juncture.
The critical speed, as previously noted, is then deter-
mined ldargely by the aerodynamic interference effects at
the wing-body Juncture,

At low speeds (M = 0.,35), the effects of changlng
the nose shape on body 2 were similar to those on body 1l.
At higher speeds (M = 0,60), as indicated by the slopes
of the corresponding curves in figure 7, the wing-body 2
combination with nose 2 had smaller compressidbility ef-
fecte than did the same combingtion with nose 1.
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A prodadle reason for the difference is that nose 2, \
the blunter nose, changed the shape of the veloclty dig- “
tribution over the body. For the body alone, it would It
normally- be. expected.that nose 2 would have higher local X
veloclitlies than nose 1 and thus have greater compreseibll- !

1ty effects, MM:_L?_&!%?M-
2, _however, probadbly occurs relatively farther forward on
_&g;fgggx*and. provided that the peak local velocity was

ndt extremely great, this forward position would tend to
€ive lower induced velocities farther back on the.dbody.in.
tHe region of the wing-fuselage Junotare, Thus, if the
murimum local velooify for the body alone is not extremely
great, as previously noted, the compressibility effects 1
are in a large mepsure the result of aerodynamic interfer-
ence effects at the wing-body Jjuncture. The probabdle :
8lightly lower local velocities at the wing-body Juncture
for nose 2 would lead to later critical speed and there-
iore to smaller compreesibility effects for this combina-

ion.

e ——————————

s’

A modification, nose -2~-A, was made to nose 2 in which
an alr-intake nose opening was simulated. The nose open-
ing was tested to give some indication of the relative
form drag of thls shape as compared with that of, K the
radial~engine cowlings. At low speeds (M = 0,35) the
ODT of body 2, nose 2-A was about 7 percent greater than

that of body 2, nose 2 (fig. 7). A4t higher speeds (M =
0.60) the drag increase was 8,6 percent. A very slight
compresslblility effect 1s thus indicated. With cooling-
alr flow 1t 1s likely that this drag increment would be
decreased.

If the preceding comparisons are to be based on the
fixed~transition data, it is well to note that the daif-
ference in drag of body 1, nose 1 was increased 29 per-
cent (ses figs. 6 and 9) by fixing transitionx. Thig value
s 1n %ood agreement with calculations., Similar increments
were observed for the other streamline models.

The large drag increments could be expected because
et these Reynolds numbers extensive laminar doundary lay-
ers exlet. 4t higher Reynolds numbers corrgeponding to
fullescale conditions, no very extensive laminar boundary
layers are obtained. The noted drag increase indicates
the magnitude of difference due to bdoundary-layer condi-
tione and demonstrates the importance of fixed-transition
wvegults for application at full-scale conditions., Possil-
ble errors resulting from the selectiom of the locations
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at which transition ocours and from the effect of the small
degres of tunnel turbulonce on the normal-transition loca=
tion are small and are bolieved to be not in excess of 'a
few porcent of tho body length., Thoso results as well as
other tests indicate, moreover, that for bodios of tho

typo invostigated the compressibility effects are not al-
terod by fixing tho transition location.

The procedure of fixing transition cannot at present
be assumed to Zive results exactly corresponding to fulle
scale conditlions but- the method does indicate the proba-
bllity of large errors in the extrapolation of model data
to high Reynolds numbers.

Badlgl-enging cowling-fugelage combingtiong.~ Tho use
of cowling C, closed, in place of the nose increased the
values of ODr for bodles 1 and 2 with nose 1 from 15 to

21 percent, depending on the speed and the body (figs, 6
and 7)e This increase was about twice as great as the in-
crease caused by the nose opening 1n nose 2-A. Throughout
the speed range for these teasts, cowling O, closed, had
compresslibllity effects similar to those of the streamline
bodies.

At low speeds the results obtalned with cowling 7,
closed, were about the same as those obtained for cowling
O. Oowling 7, however, had a low critigcal speed (M,,,

approximately 0,66) and is therefore undesirable for use
at high speeds.

With cowling 5, closed, the increase in drag over the
streamline body was conslderadbly greater than with cowl=-
ings © and 7, closed. At a low speed (M = 0,18) the
value of Opr was increased approximately 50 percent and

at any higher sveed a sharp drag increase occurred (ap-
proximately 400 percent), This effect was also noted in
an earlier investigatlion (reference 3) and was shown to be
due to separation rather than to compressibllity effects,
When cowling 5 was tested with cooling air, the sharp in-
crease due to separation was delayed to a2 higher specd

(M = 0,35)e The results for cowling 5 show, however, that
this shape 1s verv critiocal and a slight change in angle
of attack producod tho sharp riso ln drag oven at spoeds
bolow that for soparation at ap = 09; cowling 5 has

therefore definlitely poor drag characteristice at any speood.

When cooling air was allowed to pass through cowlings
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0 and 7 with baffles to simulate the pressure drop for en-
€ine cooling, increases in ODT wore observed (figs. 9

and 10)e Oowling 7 caused 8 percent higher Opy than

cowling 0O caused fbr Iaei_ﬁunbers below the oritical for
cowling 7, This result was somewhat lower than the differ-
ence indicgated in reference 3, but the variation may bdve

due to the difference in the amount of cooling air in the
two tests.

¥ing-fugelage interference compressibility effects.-
In an investigation that includes the combined compressi-
billity effects of two or more parts, the amount which each
contributes to the total becomes important. The computed
Moy for body 3, nose 3 alone was 0.88; for body 1, nose 1,

Q0.863 and, for the wing tested, 0.67. These values were
calculated from the theoretical peak pressure (references

3 and 4) according to the 1/4/1 -« M~ variation (refer-
ence 5). By the addition of the superstream velocities

of the component parts, the marximum superstream velocitles
of the combinations were obtained. These values indicated
critlcal Mach numbers for these two wing~fuselage combina-
tions of 0,63 and 0.62, respectively. These calculations
indicate ‘that the magnitude of the compressibility effects
shown in these tests is largely due to the velocities over
the wing and would bde considerably less for the dodies
alone. Oomparisons of the compressidbility effects between
body 1, nose 1 and body 3, nose 3 are, however, correct
because the peak superstream velocities of these fuselages
and of the wing colincide.

The foregoing section shows that the wing, with a
suparstream velocity ,of 0,292V as compared with 0,069V and
0.086V for the fuselages, would be the loglical part to imw
Prove in any conventional alrplane design to obtaln gmall-
er compressibility effects and higher critical speeds. 4
more sultable wing would have a smaller maximum local ve=
locity. For example, if a wing with a maximum superstrean
velocity 0.2V wero used with body 3, nose 3, the computeod
speed would be at an M of 0,68 which, when compared with
the computed value of Mgy = 0,63 for the test wing with

the same¢ fuselage, represents a difference in critical

speed of about 40 miles per hour at standard sea~level con=-
ditionse Similar gains are odbtainable for the other stream=
line fuselages with a wing having a lower peak local veloc-
ity than the test wings. The fixed critical speeds of

the radial-engine cowlings prevent any further gains for
combinations of these shapes, Thus, cowling O, the best
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of these types, has a critical specd at an M of 0.623
(rqference 3): no increases in critical speeds can be ob-
tained in this case by ohanging the wing or the wing-body
Juncture. .

CONOLUDING REMARKS

Toests of three streamline bodies with a test wing
gave effective fuselage~drag coefficients from 0.046 to
0,057 at speeds from 260 to 440 miles per hour, 4t high
speeds, the relative drag of two of these fuselage-wlng
combinations, differing only in fineness ratio, was consld-
erably changed by compressibility effects.

Relatively bdlunt noses on streamline bodies in con-
Junction with a wing produced little or no changes in “the
drag or the compressibility effects. 4 cooling=-alr lntake
opening in the blunt nose caused about 7 percent increase
in the drag wilth no significant changes in the compressi-
bllity effects.

The best radial-engine cowling-fuselage comblnations
had, without cooling alr, drage from 18 to 21 percent
greater than the corresponding streamline fuselages, de=-
pending on the speed and the body.

The critical speeds of the combinations tested were,
in general, determined dy the wing-fuselage Jjuncture.
Calculations show that, by an improvement of this region
for the streamline bodies, material Zalns in critieal
spoed would be obtalnadle, Bimilar ¢ains in critical
speced cannot be expected in syestems using a conventional .
radial~engine cowling vecause of the low critical speed of
the cowling itself.

Langley Memorial Aeronauticnl Ladboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., July 10, 1940,
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Figure 1.-Streamline shapes and cowling-fuselage combinations tested.
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